The motor protein SecA drives the transport of polypeptides through the ubiquitous protein channel SecYEG. Changes in protein-nucleotide binding energy during the hydrolytic cycle of SecA must be harnessed to drive large conformational changes resulting in channel opening and vectorial substrate polypeptide transport. Here, we elucidate the ATP hydrolysis cycle of SecA from Escherichia coli by transient and steady-state methods. The basal ATPase activity of SecA is very slow with the release of ADP being some 600-fold slower than hydrolysis. Upon binding to SecYEG the release of ADP is stimulated but remains rate-limiting. ADP release is fastest in the fully coupled system when a substrate protein is being translocated; in this case hydrolysis and ADP release occur at approximately the same rate. The data imply that ADP dissociation from SecA is accompanied by a structural rearrangement that is strongly coupled to the protein interface and protein translocation through SecYEG.
The motor protein SecA drives the transport of polypeptides through the ubiquitous protein channel SecYEG. Changes in protein-nucleotide binding energy during the hydrolytic cycle of SecA must be harnessed to drive large conformational changes resulting in channel opening and vectorial substrate polypeptide transport. Here, we elucidate the ATP hydrolysis cycle of SecA from Escherichia coli by transient and steady-state methods. The basal ATPase activity of SecA is very slow with the release of ADP being some 600-fold slower than hydrolysis. Upon binding to SecYEG the release of ADP is stimulated but remains rate-limiting. ADP release is fastest in the fully coupled system when a substrate protein is being translocated; in this case hydrolysis and ADP release occur at approximately the same rate. The data imply that ADP dissociation from SecA is accompanied by a structural rearrangement that is strongly coupled to the protein interface and protein translocation through SecYEG.
ATPase ͉ SecYEG ͉ steady-state kinetics ͉ transient kinetics ͉ translocon A TP-dependent molecular motors couple hydrolytic power to mechanical movement in a controlled and directional fashion. Distortions in the structure of the active site driven by different chemical stages in the ATP hydrolysis cycle can be relayed across large distances, resulting in conformational changes in the ATPase and its interacting partners. Hence, ATP binding, formation of the initial ADP:Pi complex or release of either of the products can be coupled to different motions required to drive the protein machine. The reverse can also be accomplished in the capture of free energy e.g., by the F 1 F 0 -ATP synthase (1, 2) .
The subject of this study, SecA, is an ATPase and the active component of the bacterial protein translocation machinery that also contains the protein channel SecYEG (3, 4) . It peripherally associates with the membrane, receives unfolded secretory proteins and facilitates their passage across the inner membrane (5, 6) . The structure of SecA reveals a single nucleotide binding site situated between 2 RecA-like folds, a scaffold, wing and preprotein cross-linking domain (7) .
Addition to SecA of preprotein and SecYEG reconstituted into an acidic phospholipid membrane promotes protein translocation and an increase in the rate of ATP hydrolysis (4, 8) . This corresponds to the energy-transducing activity and is a multistep process (9) (10) (11) . How the structure of SecA or the channel (12, 13) relate to specific stages of the ATP coupled reaction is unclear.
Although there is still controversy in the field as to the nature and purpose of homo-oligomerisation in SecA, an increasing body of evidence suggests that SecA is dimeric in free solution, but dissociates into monomers as a consequence of the protein transport reaction (14) (15) (16) (17) (18) (19) (20) (21) . Additional rearrangements within SecA (14, 19, 21, 22) and SecYEG (21, 23, 24) have also been reported. These studies have been crowned by an X-ray structure of the complex (one copy of each) that reveals the nature and consequences of the interaction (25) .
Knowledge of the nature and timing of individual steps of the hydrolytic cycle and associated changes in the conformation of motor, channel and substrate polypeptide holds the key to understanding the protein translocation reaction. Previous studies on the ATPase cycle of isolated SecA have found the basal hydrolytic turnover to be rather slow, with the release of the product ADP being significantly slower than the hydrolysis step (26) (27) (28) (29) . This low basal activity has been determined to be an effect of regulation of the ATPase by magnesium (14, 28) . Cation binding to an allosteric site, distinct from that associated with catalysis increases the affinity of the enzyme for ATP while reducing its turnover (14) ; presumably a means to restrict futile hydrolysis.
In this study, we elucidate the ATPase reaction cycle in the context of the protein translocation reaction by analysis of the steady-state and pre-steady-state activity. Here, we address how the inhibited enzyme is stimulated in the presence of lipids, SecYEG and preprotein. This builds up to the description of the energy coupled ATPase activity that drives protein transport in Escherichia coli.
Results

SecYEG Proteoliposomes Stimulate the ATPase Activity of SecA,
Reversing the Inhibitory Effects of Magnesium. To determine the effect of interaction with SecYEG on the activity of SecA, a steady-state ATPase assay was performed in the presence of a range of concentrations of SecYEG solubilised in the detergent polyoxyethylene(9)dodecyl ether (C 12 E 9 ) ( Fig. 1A ; the activity of SecA was insensitive to C 12 E 9 ). The addition of detergentsolubilised SecYEG stimulated the AT Pase activity of SecA and the titrations revealed a K d,app for SecYEG of 3.9 M (Table 1 ). Proteoliposomes containing SecYEG and E. coli polar lipids (PL) were tested for their ability to activate the ATPase activity of SecA in a similar way (Fig. 1B and Table 1 ). The K d,app of SecA for SecYEG in proteoliposomes was 0.26 M (assuming a 50% right-side out reconstitution). The ATPase rate in this case was stimulated such that the inhibitory effects of magnesium were now fully reversed ( Table 2) . Next, the steadystate parameters (K M and k cat ) were defined under these conditions and were found to be the same as in the absence of allosterically-bound magnesium (Table 2) (14).
Steady-State Analysis of the ATPase Activity Associated with the Active Transport of proOmpA. A very efficient translocation reaction was reconstituted from SecA, SecYEG proteoliposomes and the preprotein translocation substrate proOmpA ( Fig. 2A) . This correlated with a remarkable stimulation of the ATPase activity by Ϸ1,000-fold compared with the basal rate ( Fig. 2B and Table 2 ). The urea required to maintain the substrate in a translocationcompetent unfolded state was shown to have no effect in this respect (Fig. 2B) . The effect of proOmpA on SecA ATPase activity in the presence of empty liposomes (lipid vesicles containing no SecYEG) showed only a marginal stimulation compared with the control titration with urea (Fig. 2C) . A titration of proOmpA into an assay containing only SecA in the absence of any liposomes showed absolutely no effect of preprotein on ATPase activity, thus this transport-associated activation was entirely dependent on lipids and the presence of SecYEG (Fig. 2C) . The activation was measured in the presence of different concentrations of proOmpA and the apparent affinity for the translocation sites was close to the SecA concentration. Therefore, the data were fitted according to a 1-site tight ligand binding equation (Eq. 3, SI Equations) to determine: Table 1 ). The Michaelis-Menten parameters were redefined for the saturated fully activated reaction [conditions shown by the asterisk in Fig. 2B (see also Table 2) ]. This time, the large increase in k cat was not accompanied by a reduced affinity for ATP (increased K M ).
Rate-Limiting
Step in the ATP Hydrolytic Cycle of SecA Is Release of ADP. The rate of ATP cleavage in the active site of isolated SecA in the presence of magnesium was measured by quenched-flow rapid mixing, which revealed a burst of ATP hydrolysis before the establishment of the steady state (Fig. 3A) . This demonstrates that the rate-limiting step is not binding or hydrolysis of ATP, but something downstream in the reaction, in agreement with previous work (27) (28) (29) . The data were fitted to a single exponential plus the linear component of the steady-state activity (Eq. 4 in SI Equations). The amplitude of the exponential phase is 0.94 moles of ATP per mole of SecA monomer, determining a stoichiometry of the first turnover of ATP of one. This states that each SecA monomer binds and hydrolyses ATP independently at the same rate, i.e., there is no cooperativity between the 2 sites in the dimer.
The release of phosphate from SecA during the pre-steadystate phase of the reaction was monitored by an enzyme-linked assay for free phosphate (Fig. 3B ). This revealed a fast burst of phosphate release (limited by the rate of the linking enzymes), followed by a steady-state rate of 0.013 s Ϫ1 . Therefore, phosphate release is not rate-limiting.
Measurement of ADP release after the initiation of the ATPase reaction showed that there was no exponential burst of free ADP as only a steady-state rate of 0.013 s Ϫ1 could be detected (Fig. 3C ). To confirm that the rate constant for ADP release is equal to the steady-state rate, k off [ADP] was measured directly by the displacement of bound ADP by the fluorescent ADP analogue MANT-ADP (Fig. 4) . As expected, k off [ADP] (0.0073 Ϯ 1.1 ϫ 10 Ϫ5 s Ϫ1 ) was very similar to the k cat (0.01 Ϯ 1.7 ϫ 10 Ϫ4 s Ϫ1 ) (Table 2) . Hence, in accordance with previous findings (26) (27) (28) (29) , ADP release is the predominant rate-limiting step in the ATP hydrolytic cycle of SecA and the steady-state complex is SecA:ADP.
Stimulation of ATPase Activity Is only Mildly Contributed by the
Cleavage Rate. To examine the effects of inhibitory magnesium and the translocation components on the rate constant for ATP cleavage (k cleave ), a faster and much more sensitive method to monitor the pre-steady-state ATPase activity was required. The fact that phosphate release is not rate-limiting meant that it could be exploited as a measure of the first turnover of the reaction by use of a fluorescently labeled phosphate-binding protein (Phosphate Sensor) (Fig. 5 A and B) . A burst of phosphate release was observed in both low (Ϸ1 M) and inhibiting (2 mM) concentrations of magnesium (Fig. 5A) . Therefore, the rate-limiting event, in both cases, is downstream of the phosphate-release step. The data were fitted (Eq. 4 in SI Equations) to reveal a 5-fold increase of k cleave when SecA is more active in the absence of magnesium, only a modest change compared with a 40-fold increase in k cat (Table 2) . (Table 1) . ATP turnover was measured in the presence of 0.1% C 12E9 and increasing concentrations of SecYEG (A) and liposomes (B) made with (solid line) and without (dashed line) SecYEG. * , the conditions used to define the Michaelis-Menten parameters for ATP hydrolysis ( Table 2) . The assay was repeated with 2 mM magnesium and SecYEG proteoliposomes, in the presence (for active translocation) or absence of 0.75 M proOmpA (Fig. 5B) ; a burst of phosphate release was observed in both cases ( Table 2 ). The addition of SecYEG proteoliposomes was accompanied by a small increase in the k cleave by a factor of 2, toward the value obtained for the non-inhibited enzyme. Reconstitution of the full translocation reaction by addition of proOmpA had only a slight further effect on k cleave (3-fold increase with respect to basal levels); compared with a 1,000-fold activation of the steady-state activity. Therefore, when the cycle is fully coupled, ADP release becomes almost as fast as the cleavage of ATP [ Table 2 ; compare k cat and k cleave for the basal and stimulated activity (upper and lower rows)]. In these conditions the concentration of the SecA:ATP complex will approach that of SecA:ADP, signifying a profound change in the steady-state complex.
Discussion
SecA is a helicase family ATPase whose activity is affected by interaction with other components of the bacterial protein translocation system: SecYEG, lipids and preprotein (8, 30) . In this study, we aimed to clarify and build upon a number of other reports on the ATPase activity of SecA, to form a complete understanding of the kinetics of the nucleotide reaction chemistry. This can then form the basis for an understanding of the mechanism of the translocation reaction.
The predominant form of the steady-state complex during basal activity is SecA:ADP, consistent with the work of others (28, 29) . This remains the case when the system is released from magnesium inhibition upon interaction with the membrane bound channels. In other words, a change in turnover rate is almost entirely controlled by promoting the release of ADP. This is in accordance with previous studies, showing nucleotide exchange to be controlled by translocation ligands, which in turn alleviate ATPase suppression (27, 30, 31) . Finally, to reconstitute the entire translocation reaction, unfolded preprotein was added to the SecA:SecYEG complex in total E. coli proteoliposomes. This produced the fastest catalytic cycle in which the preprotein binds with a high apparent affinity (K d,app ϭ 47 nM) and promotes a highly active species of SecA (1,000-fold more active than the basal activity). The apparent affinity for this interaction is comparable with one obtained for translocation of proOmpA into IMVs containing over-expressed SecYEG (K M[proOmpA] ϭ 180 nM) (32) .
The K M[ATP] of the SecA-YEG complex is unaffected by the translocation of proOmpA (Table 2) , therefore the primary effect of preprotein is to increase the off-rate for ADP. In this instance, k cat approaches k cleave , so that the steady-state complex shifts from being largely dominated by SecA:ADP to one populated by rapidly interconverting SecA:ATPand SecA:ADP (Fig. 6 ). This fundamental shift in the steady-state behavior from a dormant to an active form of SecA must require large scale changes of structure. Although these experiments do not report on the architecture, there is a possibility that they may involve momomerisation; reported to occur in conditions that promote protein translocation (17, 18, 21) .
A previous study showed that SecA bound by nonhydrolysable ATP analogues (either AMPPNP or ATP␥S), but not by ADP, causes a conformational change at the entrance to the channel at residue K268 of SecY (21) . In this context, it was interesting to learn that the structure of SecA-YEG in the ATP bound state reveals a helical loop of SecA that penetrates the channel at this very site (25) . We now show that these 2 different conformations (ADP bound and ATP bound) represent the steady-state complex of SecA in basal and stimulated situations. These observations support the notion that the SecA-YEG interface toggles between 2 different conformations, one with the SecA loop inserted close to K268 (ATP bound) and one with SecA retracted (ADP bound). Together the translocation components and preprotein act as nucleotide exchange factors to effectively increase the rate of this conformational switching. We infer that the ADP-dissociation step is strongly connected to a key structural rearrangement of SecA and SecYEG, particularly at their interface and the entrance to the protein channel. The implication is that ADP release is coupled to a pivotal step in the translocation cycle.
Materials and Methods
Chemicals and Biochemicals. All lipids were purchased from Avanti, C12E9 and DeoxyBigCHAP were from Anatrace and Biobeads from Bio-Rad; the EnzChek kit, Phosphate Sensor, MANT-ADP and precast gels were supplied by Molecular Probes (Invitrogen), Kinase-Glo reagent was from Promega, Chelating Sepharose Fast Flow from GE Healthcare Life Sciences, and all other reagents acquired from Sigma.
Over-Expression and Purification of Protein Translocation Reaction Components.
Wild type E. coli SecA and SecYEG were over-expressed and purified as before (14, 21) . Protein quantification was determined using extinction coefficients based on amino acid analysis (Alta Biosceinces) of 99,000 M Ϫ1 ⅐cm Ϫ1 (SecA) and 139,000 M Ϫ1 ⅐cm Ϫ1 (SecYEG) (21) . proOmpA ⌬176 -296 Strep was derived from plasmid pTrc99A and was over-expressed and purified as described in ref. 33 . Protein quantification was calculated using the extinction coefficient, estimated according to the sequence, of 49,860 M Ϫ1 ⅐cm Ϫ1 .
Reconstitution of SecYEG into Proteoliposomes and in Vitro Translocation.
Five milligrams of SecYEG was mixed with 4.5 mls of E. coli PL (20 mg/mL in 6% DeoxyBigCHAP) and reconstituted into proteoliposomes using Biobeads to remove the detergent. Translocation reactions were carried out at 25°C in TKM buffer (50 mM TEA pH 7.5, 50 mM KCl, 2 mM MgCl2) with saturating SecYEG proteoliposomes (1 M SecYEG), 0.05 M SecA, 0.7 M proOmpA and 1 mM ATP. Successfully translocated proOmpA substrate was protected from proteinase-K digestion and detected by Western blot analysis using an antibody raised against proOmpA. The steady-state ATPase activity of purified wild type SecA was measured with increasing concentrations of ATP, and fitted according to Eq. 2 in SI Equations to determine values for K M͓ATP͔ and kcat. Values for kcleave were derived from the pre-steady-state ATPase data shown in Figure 5 and are compared with the values for k cat in seconds. SE from the fitting procedure is shown. *Data published in ref. 14. † This value was determined to be 1.9 s Ϫ1 by quenched flow rapid mixing, the difference explained by the inherent inaccuracies of this method.
Steady-State ATPase Assays. Steady-state ATPase assays were carried out and monitored at 25°C, using the EnzChek kit and a Lambda 25 spectrophotometer (Perkin-Elmer). The SecA concentration used was either 0.3 M or 0.05 M (monomer concentration), and assays were all carried out in TKM buffer. In each reaction, translocation reaction components were added up to the concentrations indicated in the text, before the initiation of the reaction by addition of 1 mM ATP. All of the data were fitted using GraFit (Erithacus), as described in SI Equations.
Quenched-Flow ATPase Assays. Quenched-flow measurements of pre-steadystate ATPase activity were carried out at 25°C using a Hi-Tech Scientific RQF-63 apparatus. The reaction was initiated by mixing 50 M SecA with 0.5 mM ATP in TKM buffer with the addition of 10% glycerol and then quenched at time-points with 20% trichloroacetic acid (TCA). Precipitated protein was removed by centrifugation at 13,000 ϫ g for 5 min and the reaction neutralised by addition of Tris⅐HCl pH10 to 400 mM. After addition of BSA to 0.1 mg/mL, the amount of ATP remaining in the solution was quantified with Kinase-Glo reagent, measuring the luminescence with a SpectraMax M2 plate reader (Molecular Devices). Protein quantification was performed as described above and ATP concentrations were confirmed using the extinction coefficient at 259 nm of 15,400 M Ϫ1 ⅐cm Ϫ1 . (Table 1) . * , the conditions used to define the Michaelis-Menten parameters for ATP hydrolysis (Table 2) Release of phosphate during ATP hydrolysis by 10 M SecA was measured by stopped-flow rapid mixing using the EnzChek kit and compared with a control produced by mixing equimolar phosphate (10 M) with the assay components (dotted line). The data for the ATPase (solid line) were fitted to Eq. 4 (SI Equations), determining k cat to be 0.013 s Ϫ1 . (C) Release of ADP during ATP hydrolysis by SecA was measured by stopped-flow rapid mixing, using an enzyme-linked assay for ADP. As a control, the trace produced by mixing 10 M ADP with the assay components is shown (dotted line). The data for the ATPase reaction (solid line) were fitted to a straight line to deduce the value for k cat as 0.013 s Ϫ1 .
Stopped-Flow Transient ATPase Assays. All stopped-flow experiments were carried out at 25°C using an Applied Photophysics SX-17NV apparatus measuring either absorbance or fluorescence. The buffer used was either TK (50 mM TEA pH 7.5, 50 mM KCl) or TKM buffer. Enzyme-linked assays measuring free phosphate utilised the EnzChek kit, measuring absorbance at 360 nm. Assays for release of ADP used the pyruvate kinase/lactate dehydrogenase enzyme-linked assay, with final concentrations 35 units/mL pyruvate kinase; 50 units/mL lactate dehydrogenase; 2 mM phospho(enol)pyruvate; 0.2 mM NADH. The quantity of ADP liberated was calculated from the change in absorbance at 340 nm, using the extinction coefficient of NADH (6,220 cm Ϫ 1⅐M Ϫ1 ). Assays for free phosphate using Phosphate Sensor (MDCC-labeled phosphate-binding protein) were monitored by fluorescence using an emission filter with a cut-off at 455 nm, and an excitation wavelength of 430 nm. Phosphate sensor was present at 5 M and a ''phosphate mop'' consisting of 200 M 7-methyl guanosine and 0.01 units/mL purine nucleoside phosphorylase was included in all reactions. All transient kinetic data were fitted using GraFit (Erithacus) as described in SI Equations. Table 2 . bound to an allosteric binding site has low catalytic activity and the dominant steady-state complex is SecA:ADP. When SecA associates with the membrane, SecYEG can alleviate this inhibition, yet ADP release is still relatively slow. The presence of a preprotein substrate renders the system fully active: The apparent affinity for ATP remains the same but ADP release is stimulated, resulting in approximately equal amounts of SecA:ADP and SecA:ATP that are rapidly interconverting through the steady-state cycle. The binding of ATP by SecA (green) causes a change in the conformation at the SecA-YEG interface resulting in insertion of a loop of SecA into the channel in SecY (K268, yellow star) (21, 25) . Hydrolysis of ATP brings about retraction of the loop of SecA from the SecYEG channel entrance. MgCl2). The reaction was followed by stopped flow fluorimetry at 25°C, exciting the tryptophans with light at 296 nm and measuring the MANT fluorescence using a 399 nm emission cut-off filter.
